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Background
Elevated NT-proBNP levels are common in older adults and are associated with increased risk of HF.
Methods
NT-proBNP and LVEF were measured in 4,137 older adults free of HF. Repeat measures of NT-proBNP were performed 2 to 3 years later and echocardiography was repeated 5 years later (n ϭ 2,375), with a median follow-up of 10.7 years. The addition of an abnormal (Ͻ55%) LVEF (n ϭ 317 [7. 7%]) to initially elevated or rising NT-proBNP levels was evaluated to determine risk of HF or cardiovascular mortality. Changes in NT-proBNP levels were also assessed for estimating the risk of conversion from a normal to abnormal LVEF.
Results
For participants with a low baseline NT-proBNP level (Ͻ190 pg/ml; n ϭ 2,918), addition of an abnormal LVEF did not improve the estimation of risk of HF and identified a moderate increase in adjusted risk for cardiovascular mortality (hazard ratio: 1.69 [95% confidence interval: 1.22 to 2.31]). Among those whose NT-proBNP subsequently increased Ն25% to Ն190 pg/ml, an abnormal LVEF was likewise associated with an increased risk of cardiovascular mortality but not HF. Participants with an initially high NT-proBNP level (Ն190 pg/ml) were at greater risk overall for both outcomes, and those with an abnormal LVEF were at the highest risk. However, an abnormal LVEF did not improve model classification or risk stratification for either endpoint when added to demographic factors and change in NT-proBNP. An initially elevated NT-proBNP or rising level was associated with an increased risk of developing an abnormal LVEF.
Conclusions
Assessment of LVEF in HF-free older adults based on NT-proBNP levels should be considered on an individual basis, as such assessments do not routinely improve prognostication. Detection of depressed left ventricular function may improve prevention and treatment of progression to symptomatic heart failure (1). In adults Ͼ50 years of age, the presence of even a mildly abnormal left ventricular ejection fraction (LVEF) (i.e., Յ55%) is associated with an approximately 3-fold increased risk of developing heart failure and a 2-fold increased risk of mortality compared with individuals with normal LVEF (2) (3) (4) 
. Despite declines in the rates
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Manuscript received March 24, 2011; revised manuscript received June 14, 2011, accepted June 21, 2011. than 80% of cardiovascular deaths occur in older adults (5) . However, with a relatively low prevalence (Ͻ8%) of an abnormal LVEF even in those age Ն65 years, it is difficult to advocate a routine imaging strategy in this population (3, 6) . Elevated natriuretic peptide levels are associated with depressed LVEF in the general population including older adults (7, 8) . Elevated N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels are also associated with an increased risk of new-onset heart failure in general population studies (9, 10) . Currently, neither assessment of natriuretic peptides nor LVEF is recommended for general population screening (11) . However, a combination of both measures would potentially refine risk stratification to identify subjects who could benefit from therapies to reduce the risk of progression to heart failure (12) . Following recommendations from recent guidelines for biomarker assessment of risk, we sought to determine the additional prognostic impact of likely downstream testing with echocardiography based on NT-proBNP results in this population (13) . Second, to establish if NT-proBNP levels are a biochemical precursor to left ventricular systolic dysfunction in older adults, we investigated whether an elevated or rising NTproBNP level identifies individuals at risk of progression from a normal to an abnormal LVEF based on sequential echocardiography.
Methods
Study population. The CHS (Cardiovascular Health Study) is a multicenter, prospective observational cohort study of cardiovascular disease in independently living older adults (age Ն65 years) recruited from 4 communities. The study population consists of the original cohort recruited in 1989 to 1990 and those enrolled in 1992 to 1993 when the study was expanded to include more African Americans. A detailed description of the study methods has been published previously (14) .
Of the 5,888 CHS participants, subjects were included if they had no prevalent heart failure, interpretable echocardiograms, and sufficient serum for NT-proBNP measurement. Ultimately, 4,188 (71.1%) participants were included in this analysis (Fig. 1) . Participants with sufficient sera volumes and an initial LVEF assessment were modestly more likely to be female and less likely to be African American and diabetic than those without sufficient sera and/or initial ejection fraction measurement (Online Table 1 ), but other factors did not differ. The institutional review boards of the University of Washington and the participating centers approved the CHS. The institutional review board of the University of Maryland, Baltimore, approved the current analysis. Echocardiography. The design for the echocardiographic evaluation of CHS participants has been described previously (15) . In summary, 2-dimensional echocardiography was performed in 1989 to 1990 and again in 1994 to 1995. For the original cohort, this corresponded to the baseline visit and 5 years later. For the second cohort, this resulted in a single echocardiogram 2 years after the baseline visit. Global left ventricular systolic function was qualitatively assessed from the 2-dimensional echocardiogram as normal (LVEF Ն5%), borderline (LVEF Ն45% to Ͻ55%), or subnormal (LVEF Ͻ45%) ejection fraction. LVEF was qualitatively interpreted in 99% of the original CHS cohort, with inter-reader agreement of 94% and intrareader agreement of 98% of paired studies (16) . For this analysis, subjects with a borderline or subnormal LVEF were grouped together and classified as having an "abnormal" LVEF. In addition, we report measures of Doppler mitral diastolic inflow peak E (early) and peak A (atrial) velocities and left atrial size measured by linear dimensions based on 2-dimensional directed M-mode imaging (17) . Assay methods. NT-proBNP was measured in serum collected at baseline in the main CHS cohort (1989 to 1990) and the second cohort (1992 to 1993). A second measure of NT-proBNP was performed on sera collected 3 years later for the main cohort (1992 to 1993) and 2 years later for the second cohort (1994 to 1995).
All samples were stored at -70°to -80°C and were thawed before testing (maximum of 3 freeze-thaw cycles). NT-proBNP was measured using electrochemiluminescence immunoassay on the Elecsys 2010 system (Roche Diagnostics, Indianapolis, Indiana). The coefficient of variation for the NT-proBNP assay was 2% to 5% during the testing period, and the analytical measurement range for NT-proBNP was 5 to 35,000 pg/ml. Baseline NT-proBNP levels Ն190 pg/ml (the 70th percentile for the study population) were considered elevated on the basis of previously identified cutoff values best corresponding with increased risk of heart failure in this population (10) . Primary outcomes. Outcomes were incident heart failure and cardiovascular mortality. Incident heart failure events were ascertained through review of medical records, by participant interview at annual study visits, and semi-annual phone calls. An expert adjudication panel determined potential heart failure events and cause of mortality (18) . Cardiovascular mortality was defined as mortality related to atherosclerotic heart disease, mortality after cerebrovascular disease, or mortality from other atherosclerotic and cardiovascular diseases as described in detail previously (18) .
Clinical history and the electrocardiogram.
Clinical characteristics and cardiovascular risk factors were obtained from the initial CHS study visit for each cohort (for the analysis of baseline NT-proBNP and outcomes) or at the study visit of the follow-up NT-proBNP (for the analysis of change in NT-proBNP and outcomes). The methods for assessing cardiovascular risk factors have been described previously (19) .
Coronary heart disease was defined as a history of angina, myocardial infarction, coronary angioplasty, or coronary artery bypass surgery. An electrocardiogram (ECG) was performed annually; left ventricular mass was estimated from the ECG, and major ECG abnormalities, including atrial fibrillation and left ventricular hypertrophy, were defined according to previously described methods (20, 21) . Statistical methods. Characteristics according to baseline NT-proBNP and left ventricular functional status were compared using chi-square tests or 1-way analysis of variance as appropriate. Cumulative incidence of heart failure and cardiovascular mortality were estimated using the Kaplan-Meier method. Multivariate analyses were performed using Cox proportional hazards models for newonset heart failure and cardiovascular mortality outcomes, adjusting for demographic characteristics (age, sex, and race), cardiovascular disease history, cardiovascular risk factors (systolic blood pressure, diabetes, cholesterol, creatinine, and body mass index), use of antihypertensive medications, and major ECG abnormalities. Elevated NT-proBNP was defined using a previously validated cutoff value of Ն190 pg/ml (10) .
Change in NT-proBNP was considered as a categorical predictor among those with an initial low NT-proBNP level of Ͻ190 pg/ml. Risk of heart failure and cardiovascular mortality were examined associated with: 1) a stable or decrease in NT-proBNP level (i.e., no increase Ͼ25%); and 2) an increase of at least 25% to a level Ն190 pg/ml. The 25% threshold for change was based on the reported intraindividual variability in NT-proBNP levels in patients with stable heart failure (22) . We then evaluated whether baseline echocardiographic information about LVEF (Ն55% vs. Ͻ55%) added to the predictive value of increases in NT-proBNP. Last, we evaluated the incremental value of LVEF as a semi-quantitative variable (Ͻ45%, 45% to 54% and Ն55%) and NT-proBNP as a continuous variable (after log-transformation) for both outcomes. The timedependent C-statistic was used to examine the added predictive value of the LVEF assessment to: 1) a demographic model with and without baseline NT-proBNP levels; and 2) the combination of baseline and of follow-up NT-proBNP levels for incident heart failure and cardiovascular mortality. The improvement in risk classification by the addition of LVEF measurements to NT-proBNP levels in demographic adjusted models was examined using the net reclassification improvement (NRI), which represents the net percentage of subjects correctly reclassified to risk categories (23) . We categorized individuals according to Cox model-based risk of 10-year heart failure or cardiovascular mortality of Ͻ10%, 10% to 20%, or Ͼ20%. An exploratory analysis was also performed using echocardiographic measures of diastolic function, including Doppler mitral E/A ratio (categorized as Ͻ0.7, 0.8 to 1.5, and Ͼ1.5) and left atrial dimension added to LVEF, NT-proBNP, or both.
Association between changes in NT-proBNP and subsequent new-onset left ventricular dysfunction were evaluated using chi-square tests. Statistical analyses were performed with Stata version 10 (Stata Corp., College Station, Texas) and SPSS version 17.0 (SPSS Inc., Chicago, Illinois), and time-dependent C-statistics were generated using R version 2.7.0. (24) .
Results

Participant characteristics.
Of the 4,137 participants without prevalent heart failure and a baseline echocardiogram, 107 (2.6%) had subnormal LVEF (Ͻ45%) and 210 (5.1%) had a borderline reduced LVEF (45% to 54%). The area under the curve (AUC) for NT-proBNP to diagnose a subnormal LVEF (Ͻ45%) was 0.85, and for any abnormal LVEF (Ͻ55%), the AUC was 0.69. Highrisk NT-proBNP levels (Ն190 pg/ml) were observed in 29.5% (n ϭ 1,219). Table 1 displays demographic, clinical, and echocardiographic diastolic information based on the presence of a high or low NT-proBNP value, further subdivided by the presence of a normal versus abnormal LVEF. The median age of the participants was 71 years (range 65 to 100 years). NT-proBNP status (high vs. low) differentiated patients with a higher prevalence of risk factors, ECG abnormalities, history of coronary heart disease, cardiovascular medication use, increased left atrial size, and diastolic abnormalities. An abnormal LVEF was further associated with male sex, diabetes, coronary heart disease, ECG abnormalities, Characteristics of Participants as Related to NT-proBNP and LVEF ACE ϭ angiotensin-converting enzyme; BMI ϭ body mass index; CHD ϭ cardiovascular heart disease; DBP ϭ diastolic blood pressure; E/A ϭ ratio of peak mitral diastolic E-and A-wave velocities; ECG ϭ electrocardiogram; eGFR ϭ estimated glomerular filtration rate; LVEF ϭ left ventricular ejection fraction; LVH ϭ left ventricular hypertrophy; NT-proBNP ϭ N-terminal pro-B-type natriuretic peptide; SBP ϭ systolic blood pressure. 
by Christopher DeFilippi on September 19, 2011 content.onlinejacc.org Downloaded from cardiovascular medication use, increased left atrial size, and diastolic abnormalities. Outcomes based on NT-proBNP levels and LVEF. The median follow-up was 10.7 years (range 0.1 to 14.1 years) from the time of the baseline measure. There were 1,112 participants who developed heart failure, and 893 who died of cardiovascular causes. The unadjusted hazard ratios for heart failure were 2.95 (95% confidence interval [CI]: 2.61 to 3.32) and 2.42 (95% CI: 2.03 to 2.90) for a baseline NT-proBNP level Ն190 pg/ml and LVEF Ͻ55%, respectively. Survival functions for heart failure and cardiovascular mortality based on the combination of baseline NTproBNP level and LVEF assessment are shown in the Kaplan-Meier plots in Figures 2A and 2B . Differentiation of risk occurred within the first year and continued throughout follow-up. As shown in Table 2 in an unadjusted analysis, the increased risks of heart failure or cardiovascular mortality were of significant magnitude among participants with a low NT-proBNP and an abnormal LVEF (a 1.7-to 2.3-fold increased risk) compared with those with a normal LVEF. For participants with high baseline NT-proBNP, risks of heart failure and cardiovascular mortality were higher, and this finding was further stratified by LVEF assessment.
After adjustment for clinical risk factors, body mass index, ECG abnormalities, and cardiovascular medications in those with low or high NT-proBNP levels, the increased risk associated with the presence of an abnormal LVEF was markedly attenuated but remained significant for both outcomes among those with an initially high NT-proBNP level and for cardiovascular mortality among those with an initially low NT-proBNP level. An abnormal LVEF was no longer associated with risk of heart failure among those with an initially low NT-proBNP (Table 2 ). In contrast, in a statistical model using NT-proBNP as a continuous variable and LVEF as a semi-quantitative variable, LVEF continued to predict both outcomes after multivariate adjustment (Online Table 2 ). In a separate sex-based analysis, no differences in the combined effects of LVEF and NTproBNP were observed between men and women (Online Table 3 ).
To complement the Cox regression analysis, the C-statistic and NRI were used to evaluate the incremental predictive value of LVEF assessment to NT-proBNP measurement for each outcome (Table 3) . For both heart failure and cardiovascular death, the addition of LVEF improved prediction compared with demographic characteristics alone and resulted in a modest reclassification of risk. In contrast, the addition of LVEF assessment to demographic information and the NT-proBNP level resulted in minimal, but statistically significant, improvement in the C-statistic for only the outcome of heart failure and no reclassification of risk for either outcome by the NRI statistic. When restricting the analyses to individuals with an initially elevated NT-proBNP, LVEF assessment did not reclassify risk of heart failure or cardiovascular mortality beyond demographic information and NT-proBNP level (cardiovascular mortality: NRI, Ϫ0.006, p ϭ 0.7; heart failure: NRI, 0.008; p ϭ 0.2). Adding echocardiographic measures of diastolic function to LVEF resulted in a significant increase in the C-statistic and reclassification by NRI. However, the addition of NT-proBNP still significantly increased the C-statistic and improved reclassification even after accounting for both LVEF and diastolic measures along with demographic characteristics.
As part of a secondary analysis, we also determined the number of participants who would need to undergo echocardiography to detect either one subnormal (Ͻ45%) or abnormal (Ͻ55%) LVEF based on an initially high NTproBNP (Online Table 4 ). Follow-up echocardiography with repeat NT-proBNP assessment. Echocardiography was available for 2,375 participants with repeat NT-proBNP levels who had not developed heart failure in the interim between measures (Fig. 1) . LVEF Ͻ55% (n ϭ 202 [8.5%]) was associated with increased risk of subsequent heart failure (n ϭ 505 events; hazard ratio: 2.38 [95% CI: 1.80 to 3.13]) and cardiovascular mortality (n ϭ 390 events; hazard ratio: 2.93 [95% CI: 2.18 to 3.98]).
We then investigated whether LVEF assessments would add to the risk of both outcomes over and above repeated NT-proBNP assessments in participants with initially low NT-proBNP levels (Ͻ190 pg/ml, n ϭ 1,840). Participants were subdivided by comparing those whose NT-proBNP levels had increased Ͼ25% to Ն190 pg/ml versus those with stable or decreased NT-proBNP levels.
Among participants with initially low NT-proBNP levels, 361 (19.6%) had increased at follow-up. For these participants, the risk of heart failure was highest among those with an abnormal LVEF, with intermediate risk being present in participants with only one characteristic (i.e., either an increase in NT-proBNP or an abnormal LVEF) (Fig. 3A) . For cardiovascular mortality, a persistently low NT-proBNP level indicated a low risk, irrespective of LVEF, whereas LVEF assessment further differentiated the risk of cardiovascular death in individuals with an increase in NT-proBNP level (Fig. 3B) . By Cox regression analysis, after adjustment for covariates, LVEF only differentiated risk in the cohort of participants with a rising NT-proBNP level, and only for cardiovascular death ( Table 4 ).
The C-statistic and NRI analysis confirmed the findings from the adjusted Cox regression models. The addition of LVEF assessment to demographic information and serial NT-proBNP measurements neither significantly increased the AUC for the C-statistic nor reclassified the risk of having either outcome using the NRI statistic (Table 5) . Similar to models with a single measure of NT-proBNP, echocardiographic diastolic parameters provided additional prognostic and reclassification information to LVEF and serial NT-proBNP concentrations.
As part of a secondary analysis based on change in NT-proBNP level, we determined the number of participants who would need to undergo echocardiography to detect either one subnormal (Ͻ45%) or abnormal (Ͻ55%) LVEF based on an initial NT-proBNP level of Ͻ190 pg/ml that increased Ͼ25% to Ն190 pg/ml at follow-up (Online Table 4 ). Predicting a decline in LVEF based on serial NTproBNP levels. Participants in the main cohort with an NT-proBNP level Ͻ190 pg/ml and a normal LVEF had repeat echocardiograms 2 years after their second measure of NT-proBNP level (n ϭ 1,486 ). An abnormal LVEF develCox Regression Analysis for Endpoints Based on the Initial NT-proBNP and LVEF Measurements Values are n (%) or HR (95% CI). *Hazard ratios adjusted for demographic characteristics (age, sex, and race), CHD history, cardiovascular risk factors (systolic blood pressure, diabetes, cholesterol, body mass index, and creatinine), use of antihypertensive medications, and major ECG abnormalities. †In participants with a high NT-proBNP level, there was a significant difference (p ϭ 0.03) in the hazard ratios for new-onset heart failure comparing participants with a normal LVEF versus LVEF Ͻ55%. ‡In participants with a high NT-proBNP level, there was a significant difference (p Ͻ 0.001) in the hazard ratios for cardiovascular mortality comparing participants with a normal LVEF versus LVEF Ͻ55%. Abbreviations as in Table 1 .
Time-Dependent C-Statistic and NRI for Progressively More Complex Predictive Models of Outcomes Using LVEF and a Single Measure of NT-proBNP 
oped in 95 patients (6.4%). Participants with an increase in NT-proBNP level were significantly more likely to have subsequent decline in their LVEF compared with participants with a stable low NT-proBNP level. Those who started with a high NT-proBNP and a normal LVEF (n ϭ 426) had a similar proportion who developed an abnormal LVEF as those with an initially normal but rising NT-proBNP (Fig. 4) .
Discussion
The results from this study demonstrate that, in ambulatory older adults without heart failure, the addition of LVEF assessment to either a single NT-proBNP assessment or sequential measures adds little to risk assessment for newonset heart failure or cardiovascular mortality. Furthermore, in contrast to NT-proBNP levels, LVEF alone only modestly reclassifies risk when considering just demographic characteristics. Confirming the limited utility of a natriuretic peptide level to "screen" for subnormal (i.e., Ͻ45%) LVEF, 14 participants with a high baseline NT-proBNP level and 34 participants with rising NT-proBNP levels would need to be screened to detect one subnormal LVEF. Despite limited accuracy to detect a subnormal LVEF, a high baseline or an increasing NT-proBNP level identified individuals at greatest risk of developing a new abnormal LVEF on follow-up echocardiography. This latter finding is potentially intriguing because many CHS participants with initially normal LVEF who develop symptoms of heart failure are found to have an abnormal LVEF at the time of presentation (25) . In CHS and other community population studies, an abnormal LVEF is an independent predictor of both new heart failure hospitalizations and cardiovascular mortality (2) (3) (4) 26) . Yet in this analysis, once adjusted for comorbidities, LVEF assessment added little additional predictive benefit beyond the measurement of NT-proBNP. There are several potential reasons for this new finding. First, an abnormal LVEF is a relatively infrequent finding in community-dwelling older adults (Ͻ8%) compared with an elevated NT-proBNP level (approximately 30%) (3, 6, 10) . The low prevalence accounts in part for the weak influence of LVEF in reclassifying risk of heart failure or cardiovascular death (Tables 3 and 5 ). The lack of specificity of natriuretic peptides for increased left ventricular volumes or Values are n (%) or HR (95% CI). *Adjusted for demographic characteristics (age, sex, and race), CHD history, cardiovascular risk factors (systolic blood pressure, diabetes, cholesterol, creatinine, and body mass index), use of antihypertensive medications, major ECG abnormalities, and baseline NT-proBNP level. †Stable includes participants with stable or decreased NT-proBNP levels at follow-up. ‡p value is Ͻ0.05 for comparison between a normal and abnormal baseline LVEF among participants with an NT-proBNP that increased between baseline and follow-up. Abbreviations as in Table 1 .
pressure in asymptomatic subjects can explain the false positive results when using NT-proBNP as a screening tool for an abnormal LVEF in the general population (27) (28) (29) . Assessment of LVEF to refine prognostication in community-dwelling older adults on the basis of an elevated natriuretic peptide level should be approached cautiously. Despite a previous study suggesting that natriuretic peptide measurement could be cost-effective in select populations to screen for abnormal LVEF, recent guidelines do not recommend measuring either natriuretic peptides or LVEF as part of a screening strategy (11, 12) . It may be tempting to consider combining natriuretic peptide levels and LVEF to identify those at greatest risk, and by unadjusted analysis, this seems to be present. With introduction and dispersion of inexpensive handheld ultrasound imaging devices, rapid and less-expensive assessment of LVEF will become prevalent (30) . However, once comorbidities are considered, the additional prognostication of LVEF to an NT-proBNP level is markedly attenuated. Furthermore, the addition of LVEF provides insignificant information to improve discrimination and reclassify individuals into lower-or highrisk groups even when considering only participants with initially high NT-proBNP. Our findings should be contrasted to earlier findings in the post-myocardial infarction setting in which natriuretic peptide levels and LVEF have prognostic synergism for both heart failure and death (31) . However, reflective of the differences between a postmyocardial infarction population and screening "at-risk" community-based subjects, the prevalence of an abnormal LVEF was approximately 10 times higher in the postmyocardial infarction setting (31) . In older adults without known heart failure, clinicians will need to individualize decision making with respect to echocardiography even in the presence of a high NT-proBNP level indicating an increased risk of developing heart failure symptoms, while also considering the importance of knowing diastolic filling patterns, left atrial size, or other cardiac pathologic conditions in specific cases. Study limitations. This was a large, well-characterized cohort of community-dwelling older adults with serial NT-proBNP levels and echocardiography. However, there are limitations to the study design. The addition of the second cohort of African-American older adults provides for a balanced demographic reflective of older adults in the United States. For this group, baseline NT-proBNP was measured 2 years before an echocardiogram. We have shown that LVEF will change over time but only in a minority of participants even in the presence of an abnormal NT-proBNP level.
In CHS, LVEF was not quantified as a percentage. Interpretation was performed in a semi-quantitative manner, with excellent intrareader and inter-reader reproduc- Participants whose LVEF changed from normal to abnormal (LVEF Ͻ55%) from baseline to follow-up echocardiogram as predicted by serial NT-proBNP levels or an initial high level. Low indicates NT-proBNP Ͻ190 pg/ml. High indicates an initial NT-proBNP level Ն190 pg/ml or an increase Ͼ25% to Ն190 pg/ml. Abbreviations as in Figure 1 . (16) . It is noteworthy that poor outcomes have been associated with even a borderline LVEF (estimated at 45% to 55%) (3). Last, this study does not incorporate all echocardiographic measures of diastolic function, but we do show that diastolic measures can assist in reclassifying risk beyond LVEF and NT-proBNP levels. It remains complex as to how best to integrate diastolic measures into an individual's care.
Conclusions
Older adults comprise the majority of new cases of heart failure, yet most live many years without the diagnosis. Elevated NT-proBNP levels likely reflect an ongoing pathologic process that can initially manifest as progression to an abnormal LVEF before symptoms or as symptoms in the presence of preserved LVEF. Once adjusting for the multiple comorbidities often present in ambulatory older adults, we were unable to demonstrate that an assessment of LVEF could further stratify prognosis after measurement of NT-proBNP. In the presence of an elevated NT-proBNP level in this population, a tailored approach to cardiac imaging appears most appropriate.
